At present, the potential generation of methane in wastewater collection systems is ignored under international greenhouse gas (GHG) accounting protocols, despite recent reports of substantial dissolved methane formation in sewers. This suggests that the current national GHG inventories for wastewater handling systems are likely to be underestimated for some situations.
INTRODUCTION
The United Nations Framework Convention on Climate Change is the globally recognised basis for collective action on the reduction of anthropogenic greenhouse gas emissions (UNFCCC 2007) . One of the key obligations for signatory countries under the UNFCCC is the compilation of an annual national greenhouse gas (GHG) inventory, covering four general sectors (energy; industrial processes; agriculture, forestry and other land use; and waste). Emissions of methane and nitrous oxide from wastewater treatment and discharge are reported under the waste sector (IPCC 2006a) . However, GHG emissions are not usually measured directly, but are rather estimated through the application of models that link emissions to data on observable activities.
Presently, the inventory guidelines provided by the Intergovernmental Panel on Climate Change (IPCC) state that "wastewater in closed underground sewers is not believed to be a significant source of methane", and hence no emission estimation methodology is provided (IPCC 2006b) . However, the plentiful supply of readily biodegradable carbon and the presence of anaerobic biofilms, particularly in fully surcharged rising mains, suggests that there is potential for the formation of methane in the raw sewage, and this is presently unaccounted in national GHG inventories (Foley et al. 2008) .
Rising main sewers are anaerobic environments where both sulphate reduction and methanogenesis occur simultaneously using the organic material in wastewater as electron donors. However, most of the previous research on rising main modelling focused only on sulphide formation. Pomeroy (1959) and Thistlethwayte (1972) proposed empirical equations to predict sulphide formation based on wastewater organic strength, pipe characteristics and flow conditions. More recently, the WATS (Wastewater Aerobic/Anaerobic Transformations in Sewers) model was developed to provide a more detailed description of the carbon and sulphur transformations in sewers (Hvitved-Jacobsen et al. 2000; Yongsiri et al. 2003; doi: 10.2166 /wst.2009 -Talib et al. 2005; Nielsen et al. 2005a,b; . Successful attempts have also been completed to unify the traditional transport and conversion models for sewers with the Activated Sludge Model No.3 (ASM3) (Henze et al. 2000; Huisman et al. 2003) . Most recently, Sharma et al. confirmed that substantial generation potential of methane can take place in anaerobic rising mains.
Abdul
The purpose of this study was to develop a theoretically robust, yet easily accessible model that related methane formation in rising mains to the independent variables of pipeline geometry (i.e. surface area to volume ratio) and hydraulic retention time. This functional model is proposed for water authorities to estimate the direct emissions of methane from similar pressurised rising main sewer systems, and hence address an acknowledged uncertainty in the IPCC GHG inventory guidelines for wastewater systems. discharges into the larger CO16 rising main. Therefore, the samples collected at the 1,900 m sample point include the sewage from both rising mains. Samples from the first three locations were collected hourly between 5:00 a.m. and 8:00 a.m. to cover a wide range of HRTs, as the morning peak of raw wastewater entered the pump station's collection wet well. Samples at the fourth location (1,900 m) were collected at 5:00 a.m. and 8:00 a.m. only.
MATERIALS AND METHODS

Field sampling site
The CO16 rising main had an internal pipe diameter of 300 mm (surface area to volume ratio, A/V ¼ 13.3 m 2 m 23 ), a total daily pumped flow of 707.4 m 3 , with 33 pump start events (typically 4 -6 min in duration). The volume of wastewater pumped into the pipe during each pump run was calculated from the physical dimensions of the CO16 wet well and measured stop/start water levels.
The 1,700 m long CO19 rising main had an internal pipe diameter of 250 mm (surface area to volume ratio, A/V ¼ 16.0 m 2 m 23 ), a total daily pumped flow of 92.6 m 3 and 34 pump start events (typically 2 -3 min in duration).
The volume of wastewater pumped into the pipe during each pump run was calculated from the physical dimensions of the CO19 wet well and measured stop/start water levels.
The HRT of a wastewater sample was defined as the time spent by that particular "slug" in the rising main up until the time of sampling. This was calculated from the operational data of the single pump stations feeding the CO16 and CO19 rising mains respectively (i.e. pump start/stop times recorded at 15 s intervals by the on-line supervisory control and data acquisition (SCADA) system), the pipeline geometry, and assuming ideal plug flow conditions. The HRT for the first three sample points ranged from 0.7 to 8.7 h (refer Table 1) , depending on the time of day, incoming flowrate of raw sewage to the pump station wet well and the associated frequency of pumping events.
It was not possible to determine the HRT of the samples taken at the 1,900 m location, based on the pump stations' run data alone, since the intersection of the two rising mains nullified the assumption of ideal plug flow conditions. Accurate determination of the instantaneous HRT in this connected rising main system would require a tracer study, or more detailed network modelling than was possible under this study.
Sample collection and analysis
Dissolved methane was sampled and analysed using the methodology described by Alberto et al. (2000) and Guisasola et al. (2008) . Sewage (containing dissolved methane) was sampled into freshly vacuumed BD Vacutainer w (BD Bioscience #367895) tubes using a hypodermic needle and 5 mL plastic syringe, attached directly to the pressurised rising main via a flexible hose (refer Figure 2 ). This procedure avoided any contact of the wastewater with atmosphere and possible oxygen interference. The Vacutainer tubes were weighed before and after sampling to determine the sample volume collected and mixed overnight in a shaker to allow equilibration of gas and liquid phases.
Most of the methane (, 97% at 258C) was transferred to the gas phase in this process (Alberto et al. 2000) . The methane concentration in the gas phase of the tubes was measured using a Shimadzu GC-9A Gas Chromatograph equipped with a flame ionization detector (FID). The concentration of methane in the initial liquid phase was then calculated using mass balance and Henry's law. The measurement error of this procedure is estimated to be^4.8% (t-disb., a ¼ 0.05).
Samples were also collected for COD, soluble COD, and volatile fatty acids (VFAs). Where necessary, samples were immediately filtered using 0.22 mm syringe filters, acid-preserved and kept on ice before analysis. Temperature, pH, redox and salinity were also recorded for all field samples. VFAs were measured by gas chromatography using a Perkin Elmer Autosystem equipped with a polar capillary column DB-FFAP and a FID. COD was measured using the colorimetric method described in APHA (1995) using commercial Lovibond tubes in a range of 0-150 mgCOD L 21 . 
RESULTS AND DISCUSSION
The field measurements collected from rising main CO16 are shown in Table 1 . By comparison, the saturation concentration for a 100% methane gas phase at 1 atm and 258C is 21.5 mg CH 4 L 21 (Perry et al. 1997) . Also shown in Table 1 are field measurements previously reported for another Gold Coast rising main, UC09 (Guisasola et al. 2008) . Table 1 highlights the increase in dissolved methane concentration along the length of the rising main, with a concomitant decrease in pH. This was also reflected in the accumulation of VFAs and indicates the onset of increasingly anaerobic conditions along the length of the rising main. This result corresponds well with the theory and results presented in Guisasola et al. (2008) , which suggested that anaerobic methanogenesis increases with HRT.
The results also illustrate the persistence of dissolved methane in fresh raw sewage, even when the system is open to the atmosphere. The measurements taken at the CO16 pump station wet well all recorded concentrations of between 0.0010 -0.0019 kg CH 4 m 23 (i.e. 1.0-1.9 mg CH 4 L 21 ), regardless of the time of sampling. Such results have not been previously reported and indicate that even fresh domestic sewage, such as that received directly into the wet well, has some small amount of methanogenic activity. Hence methane exchange was occurring continuously between the liquid phase and the gas phase. The sample collected at 5:00 a.m. was taken from sewage that had been accumulating in the wet well for up to 90 min (i.e. previous pumping event at 3:35 a.m.). Whereas the samples collected at 6:00 a.m., 7:00 a.m. and 8:00 a.m. were taken from sewage that had been accumulating in the wet well for within the wet well sediments and biofilms, and continual exchange of methane between the liquid and gas phase in the wet well. The dissolved methane concentration of 1.0-1.9 mg CH 4 L 21 appears to represent a stable equilibrium between the rate of methane generation in the liquid phase and the rate of methane exchange to the gas phase.
Quantifying the methane emissions from these open environments (e.g. gravity sewers and collection wet wells) requires further characterisation of the liquid-to-gas phase mass transfer coefficient, and certainly warrants further investigation.
The CO16 rising main is a total of 4,880 m in length, and at its end discharges into the PA9 pump station, where it mixes with another gravity sewer. The results from Table 1 suggest that dissolved methane would continue to accumulate along the full length of the rising main. At the point of discharge into the pump station, the wastewater could be subject to a high degree of turbulence as the CO16 wastewater mixes with the joining gravity sewer flows, depending on the structure design and prevailing flow conditions. Under these energetic conditions, it is possible that the much of the accumulated dissolved methane is stripped from the liquid phase wastewater into the sewer headspace, from where it ultimately leaks to the atmosphere. Similar stripping processes are also possible at air relief valves along the rising main, at the inlet works of a treatment plant, or at other points of discharge and turbulence in the sewer system. However, it is also possible that a substantial fraction of the dissolved methane is consumed via aerobic methane oxidation or anaerobic methane-driven denitrification. These possibilities warrant further investigation under full-scale conditions.
MODEL DEVELOPMENT Theoretical development
The CO16 first principles then, the mass of methane generated in the wastewater slug can be expressed as:
where: Dividing through by the pipe volume to determine the dissolved methane concentration yields: where:
C CH 4 concentration of dissolved methane (kg m 23 );
V volume of pipe (m 3 ); and
A/V surface area to volume ratio of pipe (m 21 ).
The physical expression of Equation (2) 
Empirical model fitting
In Figure 3 , a simple linear regression model has been applied to the CO16 and UC09 field data for the purposes of extrapolation and application to other rising main systems: field data previously reported (Guisasola et al. 2008) .
The dissolved methane concentrations from this complex model were overlaid with the CO16 and UC09 field data in Figure 3 . Note that the "Guisasola Model" has been modified by increasing all values by 0.0015 kg m 23 (i.e. 1.5 mg L 21 ) to account for the influent dissolved methane concentration in the raw wastewater. The data points from the Guisasola Model were developed by modelling a large combination of theoretical A/V and HRT combinations. It is therefore interesting to note that there was very little scatter in the y-direction for these different A/V-HRT combinations. This suggests that the use of the lumped parameter [A/V £ HRT] in the simplified model proposed by this study is a valid approximation for GHG inventory purposes.
In the region of [A/V £ HRT] ¼ 50-100 h m 21 , there was a very good fit between the CO16-UC09 field data, the proposed model and the complex Guisasola Model.
However at lower values, the field data clearly suggests that both models underestimate the dissolved methane concentration. This is believed to be caused by competitive interaction between SRBs and MAs for early fermentation products. Further field investigations are required to determine the true kinetics that operate at these very short residence times.
Finally, the biofilm methanogenic activity rate (i.e. slope of the line) calculated for the proposed model was shown to be a good fit with the complex Guisasola Model.
This suggests that for the rising main systems investigated in this study, the proposed model has valid predictive power beyond the limited range of HRT conditions tested in the field. This good fit between the measured field data, the comprehensive dynamic biological and physicochemical model and the simplified model proposed in this study, suggests that whilst an empirical approach has been useful in this instance, there is indeed some fundamental validity to the linear regression in Figure 3 .
CONCLUSIONS
At present, the potential generation of methane in wastewater collection systems is ignored under the UNFCCC/ IPCC greenhouse gas inventory guidelines, as it is "not believed to be a significant source of methane". The field data presented in this paper suggest that for the operational rising mains investigated, this is a false assumption.
Dissolved methane concentrations were measured at four different longitudinal locations, and at four different times during a typical morning peak event, and were shown to be dependent upon the pipeline A/V ratio and the instantaneous HRT of the associated wastewater slug. This relationship is consistent with first principles reaction theory and with earlier data and findings by other authors (Guisasola et al. 2008; Guisasola et al. 2009 ).
Based on this theoretical relationship with two independent variables, an empirically derived model is proposed from the field data for the estimation of dissolved methane concentrations in other rising main sewerage systems, that have similar operational characteristics (i.e. temperature, organic matter composition).
The empirically derived model of this study was shown to fit well with the more theoretically grounded biological and physicochemical sewer processes model, proposed by 
